The genes encoding the variable, joining and constant regions of human immunoglobulin light chains have been localized to the short arm of chromosome 2. However, several V K genes lie outside of the locus: a single copy cluster of five V K genes is located on chromosome 22; an isolated but amplified V K I gene is found on chromosome 1; and several isolated V K I genes are on as-yet-unidentified chromosomes other than chromosome 2. V K genes not contained within the kappa locus are termed orphons. We have attempted to gain insight into the mechanism of transposition of both the chromosome 22 cluster and the several amplified V K I genes by searching in the kappa locus for a parent copy of the former, and by analyzing the junctions between transposed V K Icontaining segments and adjacent non-amplified regions. The chromosome 22 orphon cluster must have been non-duplicatively transposed. Sequence features at the junctions of this and other orphon regions are direct and inverted repeats, and, in one case, an Alu repeat. These unusual features may have predisposed the orphon regions to transposition by serving as target sites for enzymes involved in recombination.
INTRODUCTION
Immunoglobulin light chains of the kappa type are encoded by three separate gene segments -V K , J K and C K . A single C K gene, five J K and numerous V K genes and pseudogenes comprise a multigene family located on the short arm of chromosome 2 (reviewed in 1). V K genes have been classified into four subgroups based on amino acid homology (2) and are arranged in the genome as clusters in which members of the subgroups are interspersed (3) .
Although the majority of V K genes are contained within two NotI fragments 1.05 and 0.85 Mb in length on chromosome 2, a number of V K genes have been described which lie on chromosome 1, chromosome 22 and elsewhere outside of the kappa locus, and on the long arm of chromosome 2 (4,5,6; Zimmer, F.-J., Hameister, H., and Zachau, H.G., manuscript in preparation). These have been termed orphons in analogy to the histone and ribosomal RNA genes outside of their respective gene families (7) .
The V K orphons on chromosome 22 occur as a cluster consisting of two V K I, two V K H and one V K m gene in a 30 kb region. An isolated V K I gene is found on chromosome 1; several isolated V K I genes, collectively called the 'Z family', are on as-yet-unidentified chromosomes. The V K I genes on chromosome 1, the Z region orphons and most of the genes of the chromosome 22 orphon cluster have the structure L-intron-L'V K . Neither J K nor C K gene segments have been detected. Promoter elements and the heptamer and nonamer recombination signal sequences required for correct transcription and joining to J K elements, respectively, are present although sometimes in mutated forms. The 3'-most V K I gene of the chromosome 22 cluster (denoted Chr22-5 gene), and the V K I genes of chromosome 1 and the Z regions that have been sequenced show 97% nucleotide sequence identity (8) .
How the orphons were generated is not known. It is assumed that the cluster of V K orphons on chromosome 22 was transposed as a unit. This orphon cluster exists as a single copy in the genome of several unrelated individuals (4; A. Meindl, unpublished observations). In contrast, the several V K I orphons showing 97% nucleotide sequence identity were probably generated from a common precursor which was amplified and dispersed either successively or in a single step.
Gene amplification has been frequently observed (reviewed in 9); however, the mechanisms giving rise to such amplified genes are still not known in detail. Among the possibilities are overreplication and subsequent integration of extra-chromosomal intermediates, DNA-mediated transposition, and retrotransposition. Since the structure of the V K orphons is Lintron-L'V K , the orphons are probably not retrotransposons. As an initial approach to determine the mechanism of generation of this group of dispersed genes, we searched the kappa locus for a parent copy of the chromosome 22 orphon cluster and analyzed the sequences of the junctions between transposed fragments and adjacent non-amplified regions. The results are discussed in terms of various transposition mechanisms. 
MATERIALS AND METHODS
Subcloning of fragments from cosmid clones into pUC9 and restriction mapping were done following standard procedures (10) . Fragments to be sequenced were subcloned into M13mpl0 and M13mpl 1 (11) and sequenced by the Sanger dideoxy chain termination method (12) using Sequenase (United States Biochemicals), a modified form of T7 DNA polymerase. Restriction endonucleases were purchased from Boehringer Mannheim, except for Sfil, which was purchased from New England Biolabs. Breakpoint sequences were analyzed using programs from the University of Wisconsin Genetics Computing Group (Version 4). Identities to other available nucleotide sequences were searched for in the EMBL databank (Release 57). The sequences are being deposited in EMBL.
Pulsed-field gel electrophoresis (PFG): DNA isolation from the cell line PC-3, and restriction endonuclease digestions of this DNA were performed as described in (13) . DNA fragments were separated using a Rotaphor apparatus as described by Ziegler et al. (14) , using the following conditions: for Notl-digested DNA, pulse time lOOsec, 280V, 13°C, 40h, 0.5 x TEB; for Sfil, EclXI, Sail digests or Sall/NotI double digests, pulse time 40sec, 180V, 13°C, 33h, 0.25 X TEB.
Fragments to be used as hybridization probes were radioactively labelled with the random-priming method (15) .
RESULTS
Search for a parent copy of the chromosome 22 orphon region in the kappa locus We sought to answer the question whether the group of V K orphons on chromosome 22 was duplicatively or nonduplicatively transposed by searching on chromosome 2 for a parent copy of the cluster. Unfortunately, experiments with human-rodent cell hybrid DNAs did not yield unequivocal results. We therefore narrowed our approach to the kappa locus. The sites in the kappa locus of rare-cutting restriction nucleases have been mapped using PFG (16;G. Weichhold, unpublished results). For hybridizing blots, a 0.7 kb fragment, m218-22, which recognizes the chromosome 22 cluster as well as the chromosome 1 and the Zl-4 V K orphons was selected as a probe to look for restriction fragments with sizes corresponding to those from The restriction nucleases Sau3A, RsaJ, and Dral were used to get more detailed sequences but were not mapped for the enure subclones. The following symbols were used for the subclones P 218.35 and P 218.36: EcoRI; EcoRV; Pal. The Xbal-BglD fragment m218-22 used m the PFG experiments is located 6.5 kb 5' of the Chr22-5 gene; this fragment was also sequenced (although not across the Xbal site) and is deposited in the bMBL library together with that of m218-21. the kappa locus. PFG blots of Notl-digested DNA from the cell line PC-3, which contains the kappa locus in its germline configuration, revealed five bands-240, 360, 520, 700 and 850 kb-upon hybridizing with m218-22. Apparently the part of the kappa locus represented on the 1.05 Mb NotI fragment does not hybridize with the probe. Whether the hybridization at the 850 kb band was actually due to the existence of a copy of the Chr22 cluster in the kappa locus had to be checked by further digestion and PFG experiments. It turned out that 115 kb Sfil, 195 kb EclXI and 360 and 80 kb Sail fragments unique to the 850 kb Nod fragment did not hybridize to the orphon probe. We therefore conclude that a parent copy of the chromosome 22 orphon cluster does not exist in the part of the kappa locus characterized by PFG. Evidence supporting this conclusion was obtained by analyzing with the orphon probe m218-22 Southern blots containing all overlapping cosmid clones from the kappa locus available in the laboratory. Again, no hybridization signals were seen.
Location of breakpoints
To gain insight into the mechanism of transposition of the isolated V K I genes on chromosome 1 and elsewhere, we cloned and sequenced the junctions between orphon regions and neighboring non-amplified regions. These junctions were determined by comparing previously derived restriction maps of cosmid clones representing the orphon regions (5, 6, 17) . Regions thought to contain breakpoints were subcloned and fine-mapped. From these more detailed restriction maps, fragments were chosen for subcloning into M13 and sequencing.
The previously derived restriction maps of the cosmid clones representing the Chr22, Chrl, Zl and Z4 orphons are depicted in Fig. 1 . By comparing the maps it could be seen that the region 5' of the Chr22-5 gene shares restriction sites with the analogous region of chromosome 1 up to 7 kb, after which the pattern of sites is completely different. A similar analysis of the maps of chromosome 1, Zl and Z4 orphon regions showed that in these three regions, the restriction site pattern similarity extends up to 13 kb 5' of the V K gene in each case. Three members of the Z family -Zl, Z2 and Z3 -have very similar restriction site patterns up to 23 kb 5' of the V K I gene in each case (data shown in 6). We therefore concluded that the Chrl and Z4 regions' 5' breakpoints must be roughly 13 kb 5' of their respective V K I genes.
On the 3' side of the V K genes, the restriction pattern similarity between the chromosome 22 and Z1-Z4 regions extends at least 15 kb, whereas in the case of the chromosome 1 orphon region, the similarity ends 0.6 kb 3' of the gene. In this way, both the 5' and 3' borders of the chromosome 1 V K I orphon region could be roughly defined.
Regions suspected to contain sequence identity breakpoints were cloned and fine-mapped (Fig.2) , allowing us to narrow down the precise junctions between transposed fragments and chromosomal environment. Relevant regions were subcloned, sequenced and analyzed with computer programs. The breakpoint sequences are defined relative to reference sequences. Thus, the 5' breakpoint of Chr22, which is called Chr22/5', is defined relative to the Chrl reference sequence; the 3' breakpoint of Chrl is called Chrl/3' and is defined relative to the Chr22 reference sequence. The 5' breakpoints of Chrl and Z4, referred to as Chrl/5' and Z4/5', respectively, are likewise defined relative to a Zl reference sequence. The relevant parts of each pair of sequences are shown in Fig.3 and unique features are summarized in Fig.4 .
Sequence features at breakpoints
The Chr22/5' breakpoint, with Chrl as reference sequence, is shown in Fig.3a , the vertical arrow indicating the position of the sequence identity cutoff. In the Chrl reference sequence, the breakpoint occurs in the second copy of a 20 bp perfect direct repeat. This direct repeat is part of an unusual pattern which consists of a cluster of five T's (in two cases one T is substituted by a G or an A) separated by 10 to 18 nucleotides 70-100% G and C, repeated eight times. A 17-bp inverted repeat with 4 mismatches begins 50 bp 3' of the breakpoint. The Chr22/5' breakpoint sequence occurs adjacent to a run of five C's.
In Fig.3b , the Chrl/3' breakpoint sequence is shown in comparison with the Chr22 reference sequence. As mentioned above, the restriction site similarities between Chr22 and Zl -Z4 orphon regions extend well beyond the V K genes in the 3' direction; however, a similarity breakoff was observed within 0.6 kb 3' of the Chrl V K gene when compared with Chr22. It therefore seemed a reasonable assumption that the restriction site breakoff represented a junction between amplified and nonamplified DNA. The Chrl/3' breakpoint occurs nearly in the middle of a 20-bp inverted repeat with two mismatches, 526 bp from the end of CDR3. It is interesting to note that at the breakpoint in the Chr22 reference sequence occurs near the beginning of a run of five G's, while the Chr22/5' breakpoint occurs adjacent to a run of five C's (boxed in Fig 3a,b) .
The Chrl/5' junction sequence and the corresponding Zl reference sequence are depicted in Fig.3c . The sequence identity breakoff occurs 14 kb of the V K I gene in each case. A 494 bp Alu repeat (18) ends exactly at the Chrl/5' breakpoint. In the Zl reference sequence, a 17-bp inverted repeat with six mismatches is located seven nucleotides 3' of the breakpoint.
In Fig.3d , the breakoff of sequence identity between the Zl reference sequence and Z4 orphon regions is shown. In the Z4/5' breakpoint sequence, a cluster of perfect direct repeats, the last of which ends exactly at the breakpoint, occurs in a space of 150-bp. Repeats A and B are 17 and 15bp long, and occur four and two times, respectively. However, in the Zl reference sequence, no striking features were observed.
DISCUSSION
Organization and evolution of human V K genes A large part of the human V K locus is thought to have been duplicated in evolution, since nearly all of the genes occur in two non-allelic copies (19) . Some 70 V K genes have been detected on NotI fragments 0.85 and 1.05 Mb in length, the smaller fragment representing a partial duplication of the larger, which exist in a head-to-head orientation relative to one another (16) . Within the NotI fragments, V K genes belonging to different subgroups are interspersed (3). It has been speculated that the V K locus arose by a series of amplification events, starting with a primordial V K gene which underwent successive duplications and mutations (3). The finding of an imperfect inverted repeat on either side of a V K I gene (20) suggested that V K genes may have behaved as transposons and supported the amplification/ divergence model. Thus, amplification and transposition are intrinsic features of kappa locus evolution.
During evolution, parts of the locus have been transposed to other chromosomes (4, 5, 6) . The V K pseudogenes of the W family on the long arm of chromosome 2 are contained on amplicons that were apparently duplicated at different times in evolution, based on sequence similarities among the genes (Zimmer, F.-J., Hameister, H. and Zachau, H.G., manuscript in preparation). The amplicons exist in inverted repeat arrays also described for genes amplified under selective pressure (9) . The mechanisms of transposition of the cluster of five V K genes to chromosome 22 and of the isolated V K I genes to chromosome 1 and elsewhere is still unclear, but are probably different from one another and from that of the W region. It is believed that the five genes on chromosome 22 were transposed as a group in a single event, since it is unlikely that individual genes would have successively transposed to the same site.
Is there a counterpart of the Chr22 orphon cluster in the kappa locus?
To address the question whether the chromosome 22 orphon cluster was transposed duplicatively or non-duplicatively, we searched for a parent copy of this orphon region in the kappa locus on chromosome 2. Using PFG analysis of DNA from the cell line PC-3 in which the kappa locus is in its germline configuration, we found no hybridization signals widi an orphonspecific probe at bands corresponding in size to known kappa locus fragments. Furthermore, no hybridization signals were found using the same probe on blots containing overlapping cosmid clones representing all cloned V K regions from the kappa locus. Thus the data suggest that the Chr22 orphon cluster was transposed in a non-duplicative event.
Orphons were first described in the tandem multigene histone gene family in the sea urchin (7) . To explain the origin of these orphons, a model was invoked involving alignment of nonadjacent members of the gene family with subsequent excision of the resulting looped-out region. It is conceivable that through such a mechanism, the cluster of five V K orphons on chromosome 22, which were originally in the kappa locus on chromosome I  II  II  I III  I  I I I  II  100  lT  l  A   I  II  II  II  I II I  I I  II  II  II  I 2, could have been on a looped-out region formed by alignment of V K genes on either side of the cluster, excised, and inserted into their present chromosomal location. In contrast, the several isolated V K I genes showing 97% nucleotide identity to one another and to the Chr22-5 gene were probably dispersed by a different mechanism. Rather than having undergone a single non-duplicative transposition event, they were apparently amplified many times either successively or in a single step. In the existing model of dispersion, it is assumed that the Chr22-5 gene, or what was formerly considered a possible counterpart in the kappa locus, was the precursor of the several isolated V K I orphons (8) . The finding of Nhlll binding siterelated sequences immediately 5' of the V K I orphons, and the observation that fragments containing these sequences promoted a higher transformation frequency in a replication-defective plasmid assay system, suggested that the mode of V K I orphon dispersal may have been one of over-replication (17) . Another possibility is that the V K I orphons were carried on transposons which, during successive transposition events, carried varying lengths of DNA 5' and 3' of the gene.
Sequence features at breakpoints
In an effort to clarify the mechanism giving rise to the orphon regions carrying single V K I genes, we sequenced the junctions between orphon regions and the receiving chromosomes, or, in the case of the Chr22-5 gene, the 5' junction between the Chr22-5 gene region and the rest of the cluster. Four junction sequences were defined relative to four reference sequences.
The occurrence of inverted repeats 50 bp 3' of the Chrl and seven bp 3' of the Zl reference sequences raises the possibility that inverted repeats were involved in the transposition mechanism. Inverted repeats of 8 to 11 bp have been reported to occur either nearby or directly at sites of putative double-strand breaks in genes which have been shown to serve as recipients or donors in gene conversion events (21) . Inverted repeats in the two reference sequences could have served as initiation sites for transposition of the respective orphon regions.
The repeated pattern of T 5 -(G+C), 0 -i8 seen in the Chrl reference sequence ending immediately at the identity breakoff with the Chr22/5' sequence is unusual and ends exactly at the breakpoint. The clusters of T's, however, are not in phase with the helix turn and thus probably do not form bent DNA, but may yield some other unusual DNA structure. There is a 20 bp perfect direct repeat within this repeat motif which overlaps the sequence identity breakoff.
We defined the 5' and 3' borders of the chromosome 1 orphon region, and established the size of this tranposed region as 14. On the 5' border of the chromosome 1 orphon region, a 494 bp Alu repeat ends precisely at the breakpoint. It is possible that this Alu repeat was involved in the transposition of this orphon region; it is known Alu repeats favor recombination (literature cited in 9). The involvement of Alu elements in translocations has been frequently reported (e.g.,25). It is possible that at the original site on chromosome 1, two Alu sequences occurred tandemly and integration of the orphon region resulted in the deletion of part of the second repeat.
The Z4 breakpoint is distinguished by the presence of reiterated sequences -a 17-bp and a 15-bp sequence repeated identically four and two times, respectively. Three of the four characterized members of the Z family exhibit extended restriction pattern similarity on the 5' and 3' sides of the V K I gene; however, in Z4 this similarity ends on the 5' side some 13 kb 5' of the V K I gene. A possibility is that this region of reiteration is recombinogenic. An example of reiteration-induced recombination is the highly repetitive regions which are thought to mediate class switch between the immunoglobulin heavy chain constant region genes (26) .
We found no Chi sequences such as were reported in mouse immunoglobulin heavy chain class switch regions (27) , nor did we find any topoisomerase n sites. Chi is a promoter of generalized recombination in the bacteriophage lambda (28) . Topoisomerase II sites have been reported in matrix-associated regions and may be associated with sites of replication initiation (29) .
A search in the EMBL sequence library was made for sequences showing homology to our breakpoint and reference sequences; no significant homology to the junction sequences was found.
Mechanistic considerations
As mentioned above, the size of the chromosome 1 orphon region was determined to be 14.3 kb. In contrast, the sizes of reported amplified regions ranges from a few hundred to 10,000 kb (9) . The 3' ends of the Z family orphon regions have yet to be determined; however, it appears that some members of this group of orphons are at least 50 kb in length and therefore may be more like other reported amplified regions.
The Chrl orphon region does not display some features which are characteristic for other transposons reported in the literature. We found no inverted repeats framing the Chrl orphon region; such framing inverted repeats have been reported in eukaryotic transposons (reviewed in 30). It is possible, however, that due to the evolutionary age of the orphons, inverted or direct repeats which may have existed at one time have undergone mutation such that they are no longer detectable.
The Chr22 orphon cluster probably arose early in evolution since it is present in all 9 individuals tested (4). The same is true of the W region (20 individuals tested, F.-J.Zimmer, unpublished results) and the dispersed V K I orphons (42 individuals tested, A.Meindl, unpublished results). Moreover, the number appears to be constant, within the limits of the detection method. Since the orphons are present in many individuals, it is believed that they are evolutionarily relatively old; on the other hand, the V K I orphons sequenced show 97% nucleotide identity (8) . How this high degree of nucleotide identity and copy number have been maintained is not clear. One way of maintaining sequence identity would be through inter-chromosomal gene conversion (31) .
The significance of inverted and direct repeats at the breakpoints is unknown. In a search for inverted and direct repeats in 2500 bp of intergenic sequence from both the W region and from the kappa locus, no inverted repeats longer than 12 bp with 3 mismatches, and no direct repeats longer than 11 bp in a range of 50 bp, were found.
At least two different kinds of events gave rise to the V K orphon regions: non-duplicative transposition and amplification. A mechanism similar to that originally described to explain the origins of orphons of other multigene families (7) can be invoked for the Chr22 orphon cluster, but the events which prompted the amplification of the several isolated V K I orphons remain unclear. No common sequences emerge from a comparison of breakpoint regions; however it is remarkable that each breakpoint displays features which have the potential to form unusual DNA structures. Breakpoint sequences at sites of insertions or deletions have been reported by several groups (22, 23, 32, 33 ; reviewed in 9); direct repeats and inverted repeats having the potential to form stable stem-loop structures, the latter of which may yield cruciform structures (34) , have been frequently found. It may be that non-homologous recombination is facilitated by the formation of atypical DNA conformations which could increase susceptibility to recombination by serving as target sites for nucleases.
